In critically ill patients, oxygen consumption (Vo~ and deUvery (Do~ are used to determine optimal haemodynamic management and to grade severity of illness. V0 2 may be measured by indirect calorimetry with metabolic gas monitoring systems or derived using the reverse Fick principle. Oxygen saturation (Sao~ may be measured directly by co-oximetry or derived by equations for incorporation into reverse Fick equations. A prospectiye study comparing V0 2 measured by these methods was performed in 20 critically ill patients. The mean V0 2 measured by the metabolic gas monitoring system (308 ± 63.9 mllmin) was significantly greater than that measured by reverse Fick u.sing measured Sao2 (284 ± 72.0 mllmin) (P< 0.01). This difference may be due to intrapulmonary Vo 2 . When Sa02 was. calculated from three logarithmic equations and incorporated into the reverse Fick equations, calculated Vo 2 's were significantly greater (P < 0.001) than those measured by indirect caloriml!try. Correlation was poor and wide limits of agreement (-118 to + 350 mllmin) were demonstrated. V0 2 should ideally be measured by indirect calorimetry in the critically ill, or if reverse Fick is used, Sa02 should be measured by co-oximetry as the use of equations for clinical measurement of Sa O 2 is clinically suspect.
The measurements of oxygen consumption (V0 2 ) and delivery (002) are important parameters in the management of critically ill patients. They are used to determine the endpoint for optimal therapy, e.g. in the use of inotropes to support the failing circulation I ~nd to grade the severity of illness by the level of V0 2 and its relationship to 002. 2 The attainment of ' supra normal' values OfV02 and 002 has been shown to favourably affect outcome in subgroups of critically ill patients 3 and absolute values for these parameters have been proposed. 4 ,5 Caloric assessment of critically ill patients receiving enteral and parenteral nutrition can also be made, 6 Indirect calorimetry is an established form of measurement of V0 2 . 7 Metabolic gas monitoring systems are used to measure the difference between inspired and expired oxygen concentration, expired carbon dioxide concentration and minute volume, thereby deriving V0 2 from the respiratory quotient. 8 ,9 Reliable, real-time measurement of oxgyen consumption, carbon dioxide production and energy expenditure from these measured variables can be obtained and the accuracy of these systems has been shown to be ±4%. 8 The reverse Fick principle derives V02 from the product of cardiac output and the difference between arterial and venous oxygen content. IO Oxygen content is most accurately measured directly using content analysers which are not freely available at the clinical level. 11 Oxygen contents are usually calculated from the sum of the oxygen component bound to circulating haemoglobin and that dissolved in solution. This calculation requires measurement of haemoglobin and arterial and mixed venous oxygen tension and saturation. Oxygen saturation (Sa02) may be measured directly using co-oximetry or derived using power logarithmic equations that calculate saturation from the oxygen tension (Pa02) corrected for pH, carbon dioxide tension (P aC02) and temperature. 12 As these three standard methods are used for the clinical measurement of V0 2 , a prospective study analysing agreement between V0 2 measured by indirect calorimetry and reverse Fick using both calculated and measured Sa02 was performed.
MATERIALS AND METHODS Twenty critically ill patients ( ages ranging from 25 to 78 years, mean 58 years) admitted to the Intensive Care Unit who required mechanical ventilation, right heart catheterisation, arterial cannulation and arterial and venous blood gas measurements for normal clinical management were studied. All procedures were in accordance with the Institutional Review Board requirements regarding informed consent and the Declaration of Helsinki (1975) .
Patients were treated conventionally with fluids, catecholamines, vasodilators, sedatives, muscle relaxants and other supportive measures according to their haemodynamic and respiratory status, but were stable for at least one hour before measurements were taken. The patient's clinical status was defined by the acute physiology and chronic health evaluation (APACHE 11) scoring system. 13 Patients who required a fractional inspired oxygen concentration of greater than 0.8 or who had an active air leak were excluded from the study.
Heart rate was determined by continuous electrocardiographic monitoring. Right heart catheterisation was performed using a percutaneously inserted balloon-tipped thermodilution catheter (Swan Ganz catheter 93A-131-7F; Edwards Laboratories, Anasco, Puerto Rico). The distallumen was used for mixed venous blood sampling. Radial artery catheterisation was performed and used for arterial blood sampling and systemic pressure monitoring. Cardiac output was measured by thermodilution technique (Computer 9520A; Edwards Laboratories, Santa Ana CA, U.S.A.). Measurements were performed in triplicate using 10 ml of iced 5% dextrose in water at less than 4°C which were administered at random throughout the respiratory cycle. If any cardiac output value varied by greater than 10% from the mean value, the estimate was repeated.
Blood gas analysis of arterial and mixed venous blood samples were measured at 37"C (Coming 278 pH/blood gas analyser; Medfield, MA, U.S.A.). Haemoglobin concentration and oxyhaemoglobin saturations were measured using a co-oximeter (IL 482, Instrumentation Laboratories, Lexington, MA, U.S.A.). Oxygen consumption was measured by a metabolic gas monitoring system (Deltratrac®; Datex Instrumentarium, Helsinki, Finland) and by the reverse Fick principle using standard equations. The metabolic gas monitoring system was calibrated with oxygen and carbon dioxide gas mixtures of known concentrations prior to each measurement. Oxygen saturation was calculated from oxygen tension using the Ruitz,14 Severinghaus l5 and the Thomas modification of the Kelman l6 equations.
Statistical analysis was performed using a commercially available software package (Statsgraphics, STSC Inc., Rockville, Maryland, U.S.A.). Differences between methods were analysed by using Student's t test for paired samples while correlation coefficients were determined by using linear regression analysis (least squares regression). Limits of agreement were calculated using the method of Bland and Altman.17 Statistical significance was accepted when P < 0.05.
RESULTS
A total of 33 recordings were made. The mean APACHE 11 score of the 20 patients was 29. The \'02 measured by the metabolic gas monitoring system was 308.3 ± 63.9 mUmin and was statistically greater (P < 0.0 I) than the \'02 measured by the reverse Fick principle using measured Sa02 of 284±72.0 mUmin (Table I) . While acceptable correlation between the two methods (r = 0.76) was observed, the upper and mllmin. V0 2 measured by reverse Fick using calculated Sa02 by the Ruitz, Severinghaus and Thomas equations were 393.4 ± 127.9 mllmin, 394 ± 127.0 mllmin and 424.3 ± 142.0 mllmin respectively and were significantly higher (P < 0.001) than both the values measured by the metabolic gas monitoring system and reverse Fic~ using co-oximetry (Table  I) . Correlation with V0 2 measured by indirect calorimetry and the Thomas, Ruitz and Severinghaus equations (r = 0.62, 0.62 and 0.55 respectively) was poqr and the limits of agreement of these calculated V0 2 with indirect calorimetry were wide ranging from -118 to + 350 mllmin ( Figure 2 ). DISCUSSION This study compared different methods of clinical measurement of oxygen consumption in critically ill patients. Although errors in methodology and sampling may occur with either indirect calorimetry or with the reverse Fick method, 18 the results of this study highlight some of the pitfalls that may occur using derived methods for the determination of V02. As V0 2 measured by metabolic gas monitoring systems is determined by direct sampling of minute volume and expired oxygen and carbon dioxide concentrations, it is currently felt to be the most accurate clinical method of V02 estimation. 19 Acceptable correlation between V02 measured by the metabolic gas monitoring system and by reverse Fick using measured oxygen saturations was demonstrated and is in accordance with other studies. 20 As indirect calorimetry reflects total body oxygen consumption, the difference between these two measurements could be explained by considering the oxygen consumption of the lungs themselves. This intrapulmonary V0 2 is not measured by the reverse Fick method as the pulmonary circulation is bypassed in the calculation of thermodilution-derived cardiac output. Intrapulmonary V0 2 can account for up to 15% of whole body V0 2 .21 The value of24.3 mllmin -the difference between the V0 2 measured by indirect calorimetry and by reverse Fick using the co-oximetry measured oxygen saturation -was 8% of total body V0 2 and may be due to intrapulmonary V0 2 . No correlation between standard pulmonary variables, namely shunt fraction, dead space to tidal volume ratio and alveolar-arterial oxygen gradient and this difference has been demonstrated. 22 Other causes of this difference include physiological factors such as the increased thebesian and bronchial circulations that may occur in sepsis. 9 When Sa02 was calculated using three logarithmic equations and incorporated into the reverse Fick method of V0 2 estimation, poor correlation and wide limits of agreement were demonstrated. These equations derive Sa02 from a measured P a 0 2 corrected for pH, PaC02 and temperature and assume a normal P50. Alterations in P50 and other erythrocyte haem-haem interactions, e.g. red blood cell 2,3 diphosphoglycerate levels and pH pertubations, will affect the disposition of the oxygen dissociation curve and may be responsible, particularly in the critically ill patient. 23 Despite demonstrating acceptable correlation between V0 2 measured by the metabolic gas monitoring system and by reverse Fick using measured oxygen saturations, the danger of using correlation as an indication of usefulness of alternative methods of measurement is underscored and for this reason the main interpretation of data and final conclusion is based on limits of agreement, bias and precision. It is therefore evident that with such wide standard deviations and limits of agreement, measurement of oxygen consumption using the reverse Fick principle with calculated oxygen saturations is clinically suspect. This may further be compounded by inaccuracies in the measurement of cardiac output by thermodilution (up to 10%)18 and by mathematical coupling24 when D0 2 is calculated from the same variables. With increasing emphasis being placed on V0 2 and D0 2 in the management of critically ill patients and the advocation of target values for these variables, reasonably accurate clinical measurements are essential. In the critically ill patient if oxygen Anaesthesia and Intensive Care, Vol. 20, No. 4, November, 1992 consumption is to be assessed accurately it should be ideally measured by indirect calorimetry using metabolic gas monitoring systems. If oxygen consumption and delivery are derived using the reverse Fick method, incorporated oxygen saturation should be measured with co-oximetry and not derived using calculations.
